Papillary thyroid carcinoma may encompass a mixed group of neoplasms where divergence in clinical behavior may reflect distinct genetic alterations. For example, young patients with papillary thyroid carcinoma have a better prognosis than affected adults, and their carcinomas are much more likely to harbor chromosomal rearrangements involving the RET proto-oncogene. Mutational activation of the BRAF oncogene has recently been identified as the most common genetic alteration in papillary thyroid carcinoma, but little is known about its frequency as a function of patient age. We tested 20 papillary thyroid carcinomas from young patients ranging from 10 to 17 years of age for the thymine (T)-adenine (A) missense mutation at nucleotide 1796 in the BRAF gene using a newly developed assay that employs a novel primer extension method (Mutector s assay). The prevalence of BRAF mutation was compared with a larger group of papillary thyroid carcinomas from previously tested adult patients (420 years). BRAF mutations were not common in papillary thyroid carcinomas from young patients compared to their counterparts in adults (20 vs 77%; OR ¼ 13.3, 95% confidence interval (CI) ¼ 3.4-56.5; Po0.0001), but they become increasingly prevalent with advancing patient age (OR as a function of age at 10-year intervals ¼ 1.80 CI ¼ 1.33-2.44; Po0.001). Unlike papillary thyroid carcinomas that arise in adults, mutational activation of BRAF is not a major genetic alteration in papillary thyroid carcinomas that arise in young patients. The increasing frequency of BRAF mutations as a function of age could help account for the well documented but poorly understood observation that age is a relevant prognostic indicator for patients with papillary thyroid carcinoma. Modern Pathology (2005) 18, 898-902.
Papillary thyroid carcinoma is a malignant tumor derived from the thyroid follicular epithelium and characterized by the formation of papillae and/or a distinctive set of nuclear features. 1 However, this seemingly straightforward definition belies the diversity of the tumors it embraces. Careful microscopic analysis has resolved a number of phenotypic variants, and these subtypes of papillary thyroid carcinoma are often associated with distinct patterns of clinical behavior. 2, 3 Sometimes the behavior of papillary thyroid carcinoma diverges across patient populations in ways that cannot be predicted on the basis of any microscopic features.
Most notably, papillary thyroid carcinoma in young patients is associated with a better prognosis than its counterpart in adults even though it is associated with a greater risk of nodal metastases. 4 Even in adults with papillary thyroid carcinoma, the fatality rate continues to increase with successive decades of life. 1, 5 Differences in the behavior of papillary thyroid carcinoma across patient generations may in part reflect the accumulation of distinct genetic alterations. Fusion of the tyrosine kinase domain of the RET gene to the 5 0 regulatory components of other ubiquitously expressed genes is the most common genetic alteration observed in young patients who developed papillary thyroid carcinoma following the Chernobyl reactor accident. Although the predominance of RET/PTC rearrangements has been attributed to radiation and its propensity to induce doublestrand breaks, an equally high frequency of RET/PTC rearrangements has been observed in childhood papillary thyroid carcinomas unassociated with radiation exposure. [6] [7] [8] Thus, translocational activation of RET may be more a function of age than exposure. In adults with sporadic papillary thyroid carcinoma, RET/PTC rearrangements are not common. Instead, the most frequent genetic alteration is mutational activation of the BRAF oncogene. [9] [10] [11] [12] [13] The RET and BRAF oncogenes represent tandem signaling effectors along the mitogen-activated protein kinase pathway. Activation of RET and BRAF induces constitutive activation of the mitogen-activated protein kinase pathway, but their individual roles in thyroid tumorigenesis are mutually exclusive, not cooperative: A papillary thyroid carcinoma usually harbors a RET/PTC translocation or a BRAF mutation, but not both. 11, 13 Consequently, a low prevalence of BRAF mutations would be anticipated in any form of papillary thyroid carcinoma that utilized RET/PTC as the principal mechanism of mitogenactivated protein kinase pathway activation. Given the disproportionately high rates of RET/PTC rearrangements in childhood papillary thyroid carcinoma, we tested the hypothesis that BRAF mutations vary inversely with age for patients with conventional papillary thyroid carcinoma.
Patients and methods

Sample Selection and DNA Isolation
Patients 18 years or younger with papillary thyroid carcinoma were identified from a search of the archival surgical pathology files of The Johns Hopkins Hospital between 1985 and 2004. After initial patient identification, all original histologic slides were reviewed by one of us (WHW) to confirm the diagnosis and to select an appropriate block for DNA extraction. Only those cases of conventional papillary thyroid carcinoma were included in this study. We and others have found that the BRAF mutations are absent or occur at a very low rate in the follicular variant of papillary thyroid carcinoma. 10, [14] [15] [16] The paraffin blocks were sectioned, and tissues sections were microdissected to obtain greater than 80% neoplastic cells. DNA was extracted using standard protocols as previously published. 17 BRAF status of papillary thyroid carcinomas in this young group of patients were compared with 65 adult patients with sporadic conventional papillary thyroid carcinomas previously evaluated using identical detection methodology.
9,10
Detection of BRAF Mutations
All tumor samples and controls were analyzed for the thymine (T)-adenine (A) missense mutation at nucleotide 1796 in the BRAF gene. This hot spot was chosen because the reported BRAF-activating mutations in thyroid carcinomas occur almost exclusively at this position. 11, 12, 14 PCR primer sequences were designed to amplify a 102 bp fragment of exon 15 (5 0 -GAA GAC CTC ACA GTA AAA ATA GGT GA-3 0 , and 5 0 -CCA CAA AAT GGA TCC AGA CA-3 0 ). PCR amplification was performed using 100 ng of tumor sample DNA as template. The PCR reactions were carried out in a 96-well thermocycler. Cycling conditions were as follows: A denaturation step at 951C for 5 min was followed by two cycles of denaturation at 951C for 1 min, annealing at 601C for 1 min, primer extension at 721C for 1 min, two cycles of denaturation at 951C for 1 min, annealing at 581C for 1 min, primer extension at 721C for 1 min, 35 cycles of denaturation at 951C for 1 min, annealing at 561C for 1 min, primer extension at 721C for 1 min, and one final extension at 721C for 5 min. Amplified fragments were separated on an agarose gel and visualized by ethidium bromide staining.
Analysis of the PCR products for a BRAF mutation at nucleotide position 1796 was performed using the Mutector s assay (TrimGen, Sparks, MD, USA). The Mutector s assay is designed for the detection of any type of known DNA mutation. 18 In brief, a detection primer is designed that does not permit primer extension when the target base is wild type. As a result, primer extension does not occur, labeled nucleotides are not incorporated, and a color reaction is not observed. When the target base is mutated (eg T-A transversion at BRAF T1796), primer extension continues and a strong color reaction is observed. We used as a template 10-ml from the PCR product of the 102 bp fragment of BRAF exon 15. The assay was preformed according to the manufacturer's instructions. When we previously compared BRAF detection for a large number of human tumors, we found a 100% correlation between the Mutector s assay and direct sequencing. 10 As a positive control for the BRAF T1796A mutation, we tested the cutaneous melanoma cell line HTB 72. The cervical cancer cell line ME180, known to be wild type for BRAF at T1796, served as a negative control.
Statistical Analyses
The major statistical end point in this study was the probability of BRAF mutations in papillary thyroid carcinoma across age groups. The strength of the association of BRAF mutation with age category was evaluated with cross tabulations and logistic regression modeling. Cross tabulations were analyzed using the w 2 -test. All statistical computations were performed using the SAS system, 19 and all P-values reported are two-sided.
Results
In all, 24 patients 18 years or younger with papillary thyroid carcinoma were identified. On review of the histopathologic findings, four of the papillary thyroid carcinomas were classified as follicular variant of papillary thyroid carcinoma, and these were excluded from further analysis. The absence of any prior radiation exposure, either as a form of medical treatment or as a result of living in proximity to Chernobyl during the nuclear accident, was documented by a review of the medical records. (Figure 2 ). For the oldest group of patients with conventional papillary thyroid carcinoma (ie over 60 years of age), the rate of BRAF mutations reached 88%.
Discussion
The reported rate of BRAF mutations in papillary thyroid carcinoma is variable, ranging from 29 to 69%. [9] [10] [11] [12] [13] [14] [15] [16] [20] [21] [22] This variability is due in large part to the heterogeneous nature of tumors encompassed under the designation of papillary thyroid carcinoma, and likely reflects differences in: (1) phenotypic subtypes of papillary thyroid carcinoma, (2) exposure profiles, and (3) other yet undefined population-based characteristics such as patient age. We found, for example, that when the study sample is narrowed to sporadic conventional papillary thyroid carcinomas from adult patients over the age of 60, the prevalence of BRAF mutations approaches 90%.
The frequency of BRAF mutations is not uniform across all phenotypic variants of papillary thyroid carcinoma. Specifically, it is not frequently detected in the follicular variant of papillary thyroid carcinoma. We had previously noted that only 12% of the follicular variant of papillary thyroid carcinoma harbors BRAF mutations, 10 and Trovisco et al 15 were unable to identify any BRAF mutations in the 32 follicular variants of papillary thyroid carcinomas that they tested. The reasons underlying these genetic differences are not understood, but some have suggested that the diagnosis of follicular variant of papillary thyroid carcinoma may in fact embrace a spectrum of follicular neoplasms ranging from true carcinomas to low-grade neoplasms with little or no potential for malignant behavior. [23] [24] [25] Whatever the case may be, reported prevalence rates are clearly influenced by the composition of the study tumors, especially regarding the proportion of the follicular variant of papillary thyroid carcinoma. 1-3) . All of the papillary thyroid carcinomas from young patients are shown in the lower three rows (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . For case 3, analysis of both the primary papillary thyroid carcinoma (3P) and its metastatic implant (3M) are shown. Using the Mutector s assay, the presence of a BRAF mutation is indicated by a colorimetric change from clear to green (PTC 2, PTC 3, 3P, 3 M, 10, 11 and 19). In the absence of a mutation, a color signal is not visible. The controls (top row) include the melanoma cell line A2058 (T-A transversion at BRAF T1796) (C þ , positive control), the ME 180 cervical cell line (wild-type for BRAF) (C-, negative control), and a water sample without a DNA template (NTC, no template control). 
Mutational activation of
Exposure to radiation also appears to influence prevalence rate of BRAF mutations. 21 Whereas BRAF mutation is the predominant mechanism of mitogen-activated protein kinase pathway activation in sporadic papillary thyroid carcinomas, this pathway is preferentially driven by RET/PTC rearrangements in radiation-induced papillary thyroid carcinomas. 6, 21, 26 As noncooperative and mutually exclusive events, translocational activation of RET occurs inversely to mutational activation of BRAF in these tumors. In their genetic analysis of mitogenactivated protein kinase activation in radiationinduced papillary thyroid carcinomas, Nikiforova et al observed a high prevalence (58%) of RET/PTC rearrangements, and an inversely low prevalence (4%) of BRAF point mutations.
When dealing with post-Chernobyl papillary thyroid carcinoma, one must consider the potential influence of patient age before attributing a specific genetic profile as a sole reflection of radiation exposure. The differential activation of RET over BRAF in young patients who developed papillary thyroid carcinoma following the Chernobyl nuclear accident is largely attributed to the propensity of radiation to induce double-strand breaks, but RET/ PTC rearrangements are disproportionately high in childhood papillary thyroid carcinoma irrespective of any prior radiation exposure. [6] [7] [8] Although the specific types of RET/PTC rearrangements may differ, RET activation is clearly the dominant mechanism of mitogen-activated protein kinase pathway activation in both sporadic and radiationinduced childhood papillary thyroid carcinomas. 6, 26 Conversely, we found that mutational activation of BRAF plays a less consequential role in sporadic childhood papillary thyroid carcinoma. BRAF mutations were detected in 77% of papillary thyroid carcinomas from adult patients but in only 20% of papillary thyroid carcinomas from patients 18 years or younger. Although the prevalence of BRAF mutations rose dramatically by the 3rd and 4th decades, they continued to gradually increase with each successive decade of life.
The observation that the genetic profile of the most common form of thyroid cancer shifts as a function of age is neither unanticipated nor extraneous. Differences in the behavior of childhood and adult forms of papillary thyroid carcinoma have long been recognized. Compared to their adult counterparts, children with papillary thyroid carcinoma are more likely to develop metastatic spread to regional lymph nodes and to experience, paradoxically, a more favorable clinical outcome. 4 Indeed, patient age is a prognostic indicator that is of overriding importance for patients with papillary thyroid carcinoma. While children with papillary thyroid carcinoma have a life expectancy that parallels their peers without papillary thyroid carcinoma, adult forms of papillary thyroid carcinoma are more likely to be associated with fatal outcomes with the probability of cancer-related mortality increasing exponentially with each decade after the age of 40. 1, 5 A better understanding of the genetic alterations underlying thyroid tumorigenesis may help explain these differences in clinical behavior. Whether BRAF mutations directly contribute to the more aggressive nature of adult papillary thyroid carcinoma remains to be established, but Namba et al 12 have recently identified BRAF mutations as a marker of advanced tumor stage.
Resolving the patterns of aberrant signal activation along the mitogen-activated protein kinase pathway may also be helpful in individualizing treatment for specific groups of patients with papillary thyroid carcinoma. Targeting of tyrosine kinases is rapidly emerging as a novel strategy for treating various human cancers, and several molecule inhibitors that specifically inactivate individual receptor tyrosine kinases-including inhibitors of key constituents in the MAP kinase pathway-are progressing through clinical trials. 27, 28 Our observations suggest that selection of optimal anticancer agents may benefit by taking into account patient age, and, if possible, genetic status of such genes as BRAF. Patients with papillary thyroid carcinoma may not respond in a uniform way to specific inhibitors of the mitogen-activated protein kinase pathway, particularly at the extremes of patient age.
